Abstract -This paper's focus is in reducing the torque ripple and increasing the average torque by optimizing switching angles of 8/6 switched reluctance motor while implementing a robust speed controller in the outer loop. The mathematical model of the machine is developed and it is simulated using MATLAB/Simulink. An objective function and constraints are formulated and Optimum turn-on and turn-off angles are determined using Particle swarm optimization and Genetic Algorithm techniques. The novelty of this paper lies in implementing sliding mode speed controller with optimized angles. The results from both the optimization techniques are then compared with initial angles with one of them clearly being the better option. Speed response is compared with PID controller.
Introduction
In contrast to the widely held belief, the switched reluctance motors are one of the first electric motors invented. A variable reluctance stepper motor which has many common features as that of the present day SR (switched reluctance) motor and a prototype of SR motor were developed in the 1920s. But the low electromechanical energy conversion efficiency, large losses, structural problems and absence of power electronic switches rendered these motors ineffective in the long run. The subsequent development of DC machines switched the focus from SR machines [1, 2] .
The SR motors were re-invented in the 1960s as an aftermath of the advancements made in power electronic switching technology [3] . An SR motor is developed which shares many features with the contemporary ones and can be addressed as a predecessor to the present day machine and since then the field of SR machines have become a key research area. In spite of considerable research progress, the SR motor is yet to be widely accepted in industries. The main pitfalls of the machine are acoustic noise and torque ripple which renders the machine impractical. The SR motor also demands unique control requirements which cannot be related to that of synchronous and induction machines [4] [5] [6] [7] . Performance of a SR motor is mainly characterized by torque ripple minimization. Torque ripple has been minimized by current profiling or mechanical design optimization such as optimizing rotor and stator pole arcs. But a much better technique would be to optimize control parameters like turn-on angle, turn-off angle, reference current and size of hysteresis band [8] [9] [10] [11] [12] [13] . The turn on and turn off angles are selected such that the torque ripple is minimum and average torque is maximum [14] .
Minimization of torque ripple with PI speed controller is implemented. NSGA -II is used to determine optimum values of turn -on, turn -off angles of SRM and the integral and derivative constants for the PI speed controller. Also the advantages of NSGA -II like its ease of use, rapid convergence are discussed in detail [15] . But the main drawback is that for every optimum angle the gain of PI controller has to be changed. This increases the non linearity and complexity of the controller.
Two controllers, one each for turn on and turn off are suggested with performance optimization. The role of advance angle calculation in defining the optimal turn on angle, the impact of turn -on angle delayed and advanced beyond advance angle is discussed and experimentally validated. The criticality in selection of turn -off angle is stated [16] . SR motor with classical current converter is controlled using automatic turn off control. A PI speed control is implemented and results are shown both with and without speed control [17] . A self tuning speed control for SR motor is realized with optimal turn off angle to maintain maximum torque [18] . The above establishes the importance of optimization of turn-on and turn-off angles in reducing the torque ripple and the significance of a speed controller like PI controller. Also the need for a better speed controller can also be derived from careful analysis of the above works.
SR motor being non linear, a non linear control technique would suit well. Sliding mode and PID controls of a non linear system (Inverted Pendulum system) are compared and the importance of a state space system in sliding mode control is established. The superiority of sliding mode control is emphasized [19] . The application of sliding mode speed control to SR motor is both simulated and experimentally verified. This work suggests a feasible low cost sliding mode controller for a high performance speed regulation of SR Motors [20] . A Linear SR Motor is modeled and closed loop speed control with both PID and sliding mode control is implemented and the later is considered to be an appropriate controller [21] . A PI and sliding mode controller for SR motor are studied and robust controller is suggested for high performance speed regulation and tracking problem of SR motor. The PI controller is found to be not suitable as its dynamic response is poor. Overshoot and ripples were also found to be high [22] . Thus the superiority of sliding mode controller over PI controller is well established.
Optimization of turn-on and turn-off angles being finalized to be the ideal solution for reducing torque ripple, the question arises on which optimization tool to be used. The SR motor is modeled using a set of non linear equations and shape optimization is done with the help of Genetic Algorithm [23] . The turn on and turn off angles can be selected optimally by employing various algorithms. Optimization techniques like simulated annealing, Genetic Algorithm, Taguchi Algorithm are employed in SR motor applications [24, 25] . The best design parameters for switching circuits are determined using Genetic Algorithm. The two objective functions being maximization of efficiency and minimization of torque ripple [26] . Particle swarm optimization technique is applied to the optimal design of the 4/2 switched reluctance motor (SRM) [27] . Also the SR motor design is formulated as a multi objective constrained optimization problem and optimized using particle swarm optimization [28] . Hence Genetic algorithm and particle swarm optimization are taken as two main optimization tools.
The organization of this paper is as follows. Section 2 deals with the basic modeling and simulation of the SR Motor. Section 3 is dedicated towards implementation of the sliding mode control of the machine. Section 4 mainly considers the optimization techniques used here. The last section compares the results using the two optimized angles with initial non optimized angle,establishing one to be better.
Modeling of SRMotor
SR motor has been modeled using its electromagnetic and electro mechanical equations and has been simulated in MATLAB / Simulink environment [29, 30] . Not to be deceived by its plain sailing appearance, the mathematical modeling of the machine has to be done with meticulous approach. The double salient nature of the machine causes the inductance to change for unaligned to aligned position of rotor with reference to stator. This causes non linearity in torque and current. Hence reference frame theory cannot be applied for machine analysis. This makes the modeling of machine an uphill task. For less tedious modeling, few characteristics like magnetic saturation, leakage flux, fringing of flux around pole corners etc. are neglected. Each phase of the machine is also considered to be magnetically isolated from other phases.
The SR motor is modeled using the differential equations concerning voltage, motion and electromagnetic torque. 
From (4) we can conclude that the instantaneous torque is directly proportional to the square of the instantaneous current and the torque is also positive for increasing inductance and negative for decreasing inductance. Using MATLAB/SIMULINK mathematical model is constructed in accordance to (1)-(4). Fig. 1 shows the block diagram where we use a hysteresis controller of band limit 0.2 A and a classical power converter to drive the SR motor. Modelling of one phase of 8/6 Switched reluctance motor is given in Fig. 2. 
Sliding Mode Control Of SRM
The sliding mode controller concerns the ordinary differential equations from (5)-(9) governing the system. Due to the double salient nature of the machine the SR Motor is a highly non linear machine. Though the SR motor is seen as a nonlinear system there exists a particular section of the system trajectory which is found to be acceptable. The main idea of the sliding mode control is to apply a discrete control signal which forces the system to slide along this acceptable trajectory. For designing the controller, our utmost concern is regarding the definition of sliding surface. The sliding surface should be such that the motor is operating under the required condition while the system traverses along the sliding surface. The sliding surface is defined by the error quantity e. This error quantity e is obtained by comparing the rotor speed ω and the reference speed ω ref . The defined sliding surface is a straight line, hence it can be represented by the straight line equation of the form S = 0. The line equation is given by
The value of λ should be such that it is large enough to cause exponential decay of speed error and hence asymptotic stability is achieved. When the value of S is greater than zero the variables will decrease S and when S is less than zero, thevariables will increase it. Thus causes sliding motion inmaintaining the trajectory over S. For sliding mode condition to exist the following should be true
This is called the existential condition for sliding mode control. The next step in controller design is to define a control law according to the need. This control law is selected such that chattering is nominal. The control law is given by
Where
While the term   ̇ is introduced to reduce the noise and disturbance. The terms   and   can be determined using the following existential conditions,
Using the equations and existential conditions the block for Sliding mode control is modeled.
Optimization of Switching Angles
The stator winding is energized when the rate of change of inductance is positive and de-energized when rate of Thus the control strategy should be such that the current in the stator winding should be its rated value during turn on and should reach zero during tur But achieving instantaneous rise and fall in current is next to impossible for a non ideal machine. Hence the stator winding is energized at a turn on angle which is a little before the positive change of inductance and de at a turn off angle which is fifteen degrees from the turn on angle for a 8/6 SR motor. The advance angle calculation is given by the following Eqs. (10)- (12) 
Our main idea is to select this turn on and turn off angles such that the average torque is maximized and the torque ripple is minimized. This is considered as an optimization problem. For an optimization problem we seek for the best value of an objective function This best value can be either maximized or minimized. But in a multi objective optimization problem there is more than one function which needs to be optimized. shows the inductance profile of 8/6 SRM. Which gives the population around the operating regions. This multi objective optimization problem can be approached either by making a linear combination of the constraints which are assigned different weights and the functio minimized or an entire population of possible solutions go through a process of evolution. Convergence is said to occur when the solution no longer evolves. This is the basis of the much discussed Genetic Algorithm technique.
Genetic algorithm (GA)
GA is a subset of evolutionary algorithms which performs systematic random search in determining the best possible solution. GA involves the population of individuals representing the chromosomes and each of Fig. 3 Vasan Prabhu, V. Rajini, M. Balaji and V. Prabhu 745 change of inductance approaches zero i.e. the inductance becomes constant. Thus the control strategy should be such that the current in the stator winding should be its rated value during turn on and should reach zero during turn off. But achieving instantaneous rise and fall in current is next to impossible for a non ideal machine. Hence the stator winding is energized at a turn on angle which is a little before the positive change of inductance and de-energized gle which is fifteen degrees from the turn on angle for a 8/6 SR motor. The advance angle calculation is
Our main idea is to select this turn on and turn off angles such that the average torque is maximized and the torque ripple is minimized. This is considered as an optimization an optimization problem we seek for the best This best value can be either maximized or minimized. But in a multi objective optimization problem there is more than one function which needs to be optimized. Fig. 3 nductance profile of 8/6 SRM. Which gives the population around the operating regions. This multi objective optimization problem can be approached either by making a linear combination of the constraints which are assigned different weights and the function is then minimized or an entire population of possible solutions go through a process of evolution. Convergence is said to occur when the solution no longer evolves. This is the basis of the much discussed Genetic Algorithm technique.
GA is a subset of evolutionary algorithms which performs systematic random search in determining the best possible solution. GA involves the population of individuals representing the chromosomes and each of the individuals is subjected to a seri involving crossovers and mutations. This usually involves the following steps.
i. Evaluation of Initial fitness of all individuals in the population. ii. Updating this population by performing operations like convergence and mutations. iii. This updated population is the new population and the iteration is repeated.
To implement genetic algorithm as the tool for selecting optimum angles, our fore most concern lies in formulating the objective function. The objective function should be formulated such that the average torque should be maximum and the torque ripple should be minimum. The objective function is given in (13) () =   Wherex 1 and x 2 corresponds to maximization and minimization functions of average torque and torqu respectively. A and B are weightage constants. This A and B should be selected such that the sum of A and B equals to one. A minus sign is introduced for maximization function. As seen earlier, in (14) the main constraint to be introduced is that the turn off angle should be fifteen degrees from the turn on angle. Genetic algorithm tool in MATLAB is utilized in calculating the optimum angles based on the above objective functions and const 30 is considered with a roulette selection function, uniform mutation, 0.8 crossover, rank scaling function and a generation limit of 100. ted population is the new population and the To implement genetic algorithm as the tool for selecting optimum angles, our fore most concern lies in formulating the objective function. The objective function should be that the average torque should be maximum and the torque ripple should be minimum. The objective function is given in (13)  +   (13) corresponds to maximization and minimization functions of average torque and torque ripple respectively. A and B are weightage constants. This A and B should be selected such that the sum of A and B equals to one. A minus sign is introduced for maximization function. As seen earlier, in (14) the main constraint to be introduced the turn off angle should be fifteen degrees from the
off ≤ 30 o for 8/6 SR machine in motoring mode of operation. Genetic algorithm tool in MATLAB is utilized in calculating the optimum angles based on the above objective functions and constraints. Initial population of 30 is considered with a roulette selection function, mutation, 0.8 crossover, rank scaling function and
Particle swarm optimization (PSO)
PSO developed by James Kennedy and Russell Eber considers particles flying through n dimensional search space. Also each particle is considered to be a candidate solution to the optimization problem. Each dimension of each particle's initial position vector is randomly selected from a uniform distribution of feasible values. Velocity vectors are similarly initialized from a uniform distribution on per dimension using a reasonable maximum velocity. Then the search is initiated. During the search the members of the swarm interact with each other such optimized. Two best values one for Θ on and another for Θ is selected. These are the personal best values. Then the iteration is repeated and each iteration has personal best values. Of the total personal best values two values are selected and these are Global best values for Θ The iteration is repeated with personal best and global best values. For each iteration the particle velocity and positions are updated using the Eqs. (15 and 16)
For best results the cognitive parameter c parameter c 2 are selected tobe 1.4. The initial population is set to be 30 and no of iterations is fixed at 100. 
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Particle swarm optimization (PSO)
PSO developed by James Kennedy and Russell Eberhart, considers particles flying through n dimensional search space. Also each particle is considered to be a candidate solution to the optimization problem. Each dimension of each particle's initial position vector is randomly selected ribution of feasible values. Velocity vectors are similarly initialized from a uniform distribution on per dimension using a reasonable maximum velocity. Then the search is initiated. During the search the members of the swarm interact with each other such that the result is and another for Θ off is selected. These are the personal best values. Then the iteration is repeated and each iteration has personal best Of the total personal best values two values are lected and these are Global best values for Θ on and Θ off . The iteration is repeated with personal best and global best values. For each iteration the particle velocity and positions (15) (16) For best results the cognitive parameter c 1 and social are selected tobe 1.4. The initial population is ixed at 100.
Results and Discussion
The speed control of SR motor model is implemented in the model shown Fig. 1 using MATLAB/SIMULINK tool in a Pentium (R) dual-core T4400@2.2 Ghz x 2 processor.
Optimized angle is generated using Genetic Algorithm and PSO algorithms written in MATLAB software. The torque ripple and average torque for optimum angles selected by both the techniques are tabulated in 2 and machine specifications are tabulated in Final results are compared with the in The simulation is run and results were plotted for speed, torque and phase current. The sliding mode controller is implemented for speed control.
To observe the difference in performance of the machine with and without optimum angle sel run with angles of 0 and 15 with a load of 0.5 N and the results are taken. Fig  and speed waveform for the initial angle (0, 15) degree. We could see that the ripple content is more in torque waveform and the speed waveform rises smoothly and settles at around 0.3 seconds with no detectable peak overshoot. The average torque is calculated to be 2.68 while the torque ripple at steady state is almost 2. This ripple is considerably large for the machin torque waveform we can observe that the torque reaches zero for each phase excitation and this is not acceptable for a standard machine. 
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Results and Discussion
The speed control of SR motor model is implemented in 1 using MATLAB/SIMULINK tool core T4400@2.2 Ghz x 2 processor. Optimized angle is generated using Genetic Algorithm nd PSO algorithms written in MATLAB software. The torque ripple and average torque for optimum angles selected by both the techniques are tabulated in Table 1 and 2 and machine specifications are tabulated in Table 3 . Final results are compared with the initial angle values.
simulation is run and results were plotted for speed, The sliding mode controller is implemented for speed control.
To observe the difference in performance of the machine with and without optimum angle selection the machine is run with angles of 0 and 15 with a load of 0.5 N-m applied and the results are taken. Figs. 4 and 5 shows the torque and speed waveform for the initial angle (0, 15) degree. We could see that the ripple content is more in torque the speed waveform rises smoothly and settles at around 0.3 seconds with no detectable peak overshoot. The average torque is calculated to be 2.68 while the torque ripple at steady state is almost 2. This ripple is considerably large for the machine. Also from the torque waveform we can observe that the torque reaches zero for each phase excitation and this is not acceptable for Phase currents plot for optimized angles 7.5 and 22.5 Speed vs. time plot for optimized angles 7.5 and 22.5
The optimized angles calculated by genetic algorithm are around 7.5 and 22.5. The machine is simulated these angles and the phase current, speed and torque plots are shown in Figs. 6, 7 and 8. The speed rises sharply and settles within 0.1 seconds. The average torque is found to be around 2.89. The torque ripple at steady state is calculated to be 0.7344. The ripple is considerably reduced when compared with the initial angle set up.
The optimized angles calculated by Particle Swarm optimization is 8 and 23. The simulation is carried out with these angles and the results are taken as shown in 10 and 11. The phase current waveforms are similar to that of genetic algorithm results while the speed rise time is 
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The optimized angles calculated by genetic algorithm are around 7.5 and 22.5. The machine is simulated with these angles and the phase current, speed and torque plots . The speed rises sharply and settles within 0.1 seconds. The average torque is found to be around 2.89. The torque ripple at steady state is 344. The ripple is considerably reduced when compared with the initial angle set up.
The optimized angles calculated by Particle Swarm optimization is 8 and 23. The simulation is carried out with these angles and the results are taken as shown in Figs. 9 , . The phase current waveforms are similar to that of genetic algorithm results while the speed rise time is more and settles around 0.2. The waveform is free of peak over shoot and has negligible ripple. around 2.912 which is incremental from the Genetic results but huge difference can be seen in torque ripple. The ripple content is only around 0.497.
SR Motor being a highly nonlinear machine, operating angle tuning increases the complexity in controller design. Sliding trajectory is designed for the upper and lower boundaries of the operating angle. Better speed response with minimum speed ripple, but in PID controller every operating angle needs separate gain values, speed response is comparatively low. 
Tables
Conclusion
The mathematical modeling of SR motor is performed and is simulated in MATLAB/SIMULINK environment. The optimum turn on and turn off angles are selected using Genetic and Particle Swarm optimization algorithms. Sliding mode speed controller is successfully implemented and the results obtained are found to be viable. These results are then compared with results taken with initial angles. For optimized angles the Torque average is larger and torque ripple is minimized with PSO algorithm providing the best and effective solution. The results with PSO are efficient to a larger degree compared with the initial angle setup while Genetic Algorithm providing the next best solution. Thus the angles of 8 and 23 are found to be the best possible solution for the given machine while 7.5 and 22.5 being the next best. Finally for the same optimum angle the sliding mode controller performance is compared with PID controller. 
